[1] The Tia Complex is located in the southern New England Orogen of eastern Australia and provides a detailed record of the structural-metamorphic evolution of an ancient accretionary prism. This record is characterized by six stages of deformation that were accompanied by a transition from moderatepressure -low-temperature to low-pressure -hightemperature metamorphism. The composition of jadeitic pyroxene (subduction), magnesioriebeckite (exhumation), and actinolite (heating) have been used to model P-T conditions during these structural events, which range from P = 6.3-6.7 kbar and T = 320-350°C (subduction) to 1.5-2.0 kbar and 400-420°C (heating). On the basis of new structural and metamorphic data combined with preexisting age data, the evolution of this accretionary prism can be divided into two main stages: (1) blueschist formation and exhumation and (2) elevated heat flow and anatexis. To explain these features, a new model is presented that requires (1) wedge underthrusting and rear wedge extension associated with a stationary subduction hinge and (2) subduction hinge migration resulting in the relocation of the accretionary wedge onto the upper plate and heating during exposure to the mantle wedge. To explain the event chronology preserved in the Tia Complex, both extensional collapse and subduction hinge migration models are required.
[1] The Tia Complex is located in the southern New England Orogen of eastern Australia and provides a detailed record of the structural-metamorphic evolution of an ancient accretionary prism. This record is characterized by six stages of deformation that were accompanied by a transition from moderatepressure -low-temperature to low-pressure -hightemperature metamorphism. The composition of jadeitic pyroxene (subduction), magnesioriebeckite (exhumation), and actinolite (heating) have been used to model P-T conditions during these structural events, which range from P = 6.3-6.7 kbar and T = 320-350°C (subduction) to 1.5-2.0 kbar and 400-420°C (heating). On the basis of new structural and metamorphic data combined with preexisting age data, the evolution of this accretionary prism can be divided into two main stages: (1) blueschist formation and exhumation and (2) elevated heat flow and anatexis. To explain these features, a new model is presented that requires (1) wedge underthrusting and rear wedge extension associated with a stationary subduction hinge and (2) subduction hinge migration resulting in the relocation of the accretionary wedge onto the upper plate and heating during exposure to the mantle wedge. To explain the event chronology preserved in the Tia Complex, both extensional collapse and subduction hinge migration models are required.
Introduction
[2] The New England orogen of eastern Australia developed along an ocean-continent convergent plate margin during Cambrian to Permian times [Leitch, 1975; Korsch, 1977; Cawood, 1982; Glen, 2005; Fergusson, 1984; Cawood and Leitch, 1985; Murray et al., 1987] . It represents a terminal orogenic system located outboard of a collage of terrains (collectively termed the Tasmanides) that were accreted by subduction processes along the eastern margin of Australia ( Figure 1a ) [Cawood, 2005] . Preserved in the accretionary prism of the southern New England Orogen is a detailed record of deformation and metamorphic processes that were associated with the formation and exhumation of low-temperature -medium-pressure (LT-MP) rocks, as well as a switch in metamorphic conditions from LT-MP to high-temperature-low-pressure (HT-LP) [Hand, 1988; Dirks et al., 1992] .
[3] These two aspects of accretionary wedge evolution can be explained by several models, and are therefore, subjects of considerable debate [Platt, 1986; Paterson and Sample, 1988; Hibbard and Karig, 1990; Unruh et al., 2007; Schermer et al., 2007] . For example, exhumation in ocean-continental margin settings may involve (1) erosion; (2) buoyancy contrasts between subducted crustal material and mantle material [Ernst, 1970; Schwartz et al., 2001] ; (3) underplating and unroofing during extensional collapse [Platt, 1986] , or (4) extension during slab rollback [Brun and Faccenna, 2008] . On the other hand, the manifestation of HT metamorphism during the late stages of accretionary wedge development [Hudson et al., 1979; Hibbard and Karig, 1990; Parra et al., 2002] could be due to (1) spreading ridge subduction that results in the development of a slab window between the accretionary wedge and the asthenosphere [Hilde et al., 1977] , (2) the subduction of very young, hot oceanic crust [Onishi and Kimura, 1995] , or (3) slab roll-back and accretionary wedge -lower plate decoupling and juxtapositon of the accretionary and mantle wedges [Little et al., 1992; Brun and Faccenna, 2008] . Because of this conjecture, it is clear that detailed P-T-t deformation frameworks from active and ancient accretionary orogens are required to test these models.
[4] The accretionary prism of the southern New England Orogen provides the ideal natural laboratory to carry out this investigation. In addition to preserving evidence of exhumed LT-MP rocks and metamorphic switching, there is a clear relationship between the structural and metamorphic records [Hand, 1988] that provides an opportunity to document the kinematic and metamorphic evolution of this accretionary wedge. The aim of this paper is to present a new P-T-t deformation framework for the accretionary prism of the southern New England Orogen. This will involve calculating P-T estimates from blueschist facies rocks using mineral thermobarometry and multivariant phase equilibria techniques (THERMOCALC ). Through combining new P-T with structural data and preexisting geochronology, a new tectonothermal framework for this accretionary wedge will be presented.
On the basis of this framework, inferences on the exhumation of blueschist facies rocks and metamorphic switching along ocean-continent convergent margins will be made.
Regional Geology
[5] The southern New England orogen comprises the fore-arc sequences of the Tamworth Belt and the accretionary complex sequences of the Tablelands Complex (Figure 1b) . These complexes are juxtaposed along the Great Serpentine Belt which is hosted by the PeelManning Fault System. This fault system marks a transition from gently deformed zeolite-prehnite-pumpellyite facies rocks of the fore arc, to multiply deformed steeply dipping zeolite-greenschist facies rocks of the accretionary prism [Leitch, 1974; Korsch, 1977; Offler and Hand, 1988; Offler et al., 1997] . Whereas volcanic rocks associated with an ancient arc are clearly exposed in the northern New England Orogen (Connors-Auburn Arch [Murray, 2003] ), evidence for arc magmatism in the southern New England Orogen are minor calc-alkaline volcanic associations [Wilkinson, 1971] along with ignimbrites and kilometer-scale andesitic olistostromes located in the fore-arc successions [Brown et al., 1990; Opdyke et al., 2000; Roberts et al., 2004] . Permian-Triassic igneous rocks of the New England Batholith intrude the Table- lands Complex and comprise I-type through S-type associations (Figure 1b) .
[6] The tectonostratigraphic units of the Tablelands Complex are middle Silurian to early Carboniferous in age and young to the east, which is associated with an increase in clastic sediment at the expense of chert, jasper and basic rocks [Aitchison et al., 1988; Ishiga et al., 1988] . Structurally the complex consists of kilometer-scale fault-bounded blocks that represent different levels of the accretionary prism now juxtaposed in the upper crust [Leitch, 1975; Korsch, 1977; Korsch and Harrington, 1981; Cawood, 1982; Cawood and Leitch, 1985] . Steeply dipping tectonic fabrics are pervasive throughout [Cross et al., 1987; Fergusson, 1984; Fergusson et al., 1990] and are predominantly associated with zeolite to greenschist facies mineral assemblages [Offler et al., 1997; Offler and Hand, 1988] . Exceptions occur in the fault-bounded Tia Complex where evidence of HP-LT and low-pressure-high-temperature (LP-HT) metamorphism, as well as multiple phases of deformation are preserved (Figure 2 ) [Binns, 1966; Gunthorpe, 1970; Vernon, 1982; Hand, 1988; Dirks et al., 1992] . Associated with LP-HT metamorphism was the emplacement of the S-type Tia granodiorite, which is part of the regional circa 300 Ma Hillgrove suite (Figures 1b and 2) [Dirks et al., 1993] .
[7] Mapping of the Tia Complex shows that lithological transitions are gradual, and that there is a general transition from the metapsammite-metapelite dominated BrakendaleWybeena metamorphics in the north to metabasite-chertjasper dominated Oxley metamorphics in the west and south (Figure 2) [Gunthorpe, 1970] . Rocks of the Oxley metamorphics located in the south of the Tia Complex preserve a complex structural-metamorphic record where evidence of both HP-LT and LP-HT event are preserved ( Figures 2 and 3a) . The Oxley metamorphics predominantly consist of layered quartzitic schist, quartzite, metachert, metabasite (blueschist), and hematitic schist with minor clastic metasedimentary and metapelitic rocks. A recognizable stratigraphy is lacking, where blocks of quartzite and metabasite (up to 200 Â 20 m) are enveloped by layered quartzite, pelite and hematitic schist of a mélange. The mélange comprises diagnostic structural features including disrupted bedding, phacoidal fabrics and S-C fabrics that are characteristic of accretionary complexes [Fergusson, 1984; Meneilly and Storey, 1986, Mackenzie et al., 1987; Needham and Mackenzie, 1988; Paterson and Sample, 1988] .
Structural Record
[8] A detailed account of the structural record preserved in the Tia Complex has been published by Dirks et al. [1992] . In the study of Dirks et al. [1992] , two main deformation events (D3 and D5) were recognized that dominate the structural record of the Tia Complex. These events were associated with the later stage high-temperature metamorphic history of the accretionary complex, and therefore, provide little information on the early HP evolution. One of the main aims of the current study is to investigate the kinematics associated with development and exhumation of blueschist facies associations. To do this, particular focus was needed in a region where the early structural metamorphic history is preserved. This was accomplished by focusing on the rocks of the Oxley metamorphics located in the southern Tia Complex (Figure 2 ).
Early Finite Strain Pattern: D1 -D3 Progressive Deformation History
[9] S1 is poorly preserved and is locally developed in the more competent lithologies. Difficulties in identifying S1 are due to its transposition into the dominant S2 fabric that defines the enveloping surface of the accretionary prism mélange (Figure 3a) . Fabric relations between S1 and S2 indicate that D2 was associated with normal transport on S2 foliation planes (Figure 4a ). Allochotonous millimeter-to meter-scale blocks of quartzite, metabasite and blueschist are boudinaged in the plane of S2. In the larger blocks, S2 is a pervasive schistose fabric that is perpendicular to D2 tension veins. Because of reorientation by later deformation events, the orientation of S2 is highly variable. However, in localized regions that appear to be moderately affected by later deformation events, S2 consistently dips 25 -40°to the southwest and is associated with a strong mineral stretching lineation (L2) that plunges 15-40°to the southwest ( Figure 5 ). On the basis of the orientation of S2 and L2 and the general overprinting relations between S1 and S2, a southwest directed transport compatible with large-scale normal faulting is suggested for the D2 event.
[10] S2 is folded into isoclinal asymmetric F3 folds that are parasitic to a regional D3 nappe structure (Figure 3b ) [Hand, 1988] . As with S2, the orientation of S3 is highly variable due to reorientation by later deformation events. In regions of higher D3 strain, S3 is penetrative, and S-Ctype relations between S2 and S3 that indicate a consistent reverse sense of movement, are preserved ( Figure 4b ). Characteristic of these zones is a strong L3 mineral stretching lineation ( Figure 5 ). Through reorientation using stereographic techniques to remove the effects of later deformation, it can be inferred that S3 dipped moderately to the south [Hand, 1988] . As folding during D4 was driven by contraction approximately perpendicular to the orientation of the L3 lineation ( Figure 5 ), measurements of L3 are assumed to reflect the original orientation, and therefore, direction of transport during D3. It is therefore assumed that D3 was characterized by northeast directed thrusting.
Late Finite Strain Pattern: D4 -D6 Progressive Deformation History
[11] D4 folds are pervasively developed in the southern Tia Complex, trend northeast-southwest and predominantly plunge (20 -50°) to the southwest (Figures 3a and 5 ). F4 are tight to open and depending on strain intensity, can be accompanied by a well developed crenulation cleavage (S4) that dips steeply to the northwest-southeast. On the basis of fold morphology and the orientation of S4, we assume that D4 was driven by widespread subhorizontal northwest-southeast directed contraction. Axial traces of the D4 folds are warped into kilometer-scale asymmetric Plunges are highly variable due to folding of the earlier structures. F5 fold asymmetry indicates a general top to the southwest transport direction during D5. Locally, D6 kink bands trend northeast-southwest and dip moderately to steeply to the southeast (Figures 3a and 5 ). The asymmetry of the kink folds indicates that D6 was probably associated with top to the west thrusting. Owing to the nature of overprinting relations between D4 and D6 structures, it is suggested that the late deformation history was associated with the progressive rotation of strain axes through time.
Metamorphic Record

Petrography
[12] Four samples showing clear evidence of both HP-LT and LP-HT metamorphism have been selected to link the metamorphic and structural records. The samples are from blocks of blueschist that are encompassed by the schistose matrix of the mélange. In all samples, S2 is the dominant fabric; whereas in most samples, S3 is difficult to identify and assumed to be parallel to S2. Late folds/crenulations are assumed to represent the F4 structures.
[13] In sample UN3-3 (31°26 0 34 00 S/151°45 0 56 00 E; Figure 2 ), S1 is defined by elongate grains of ilmenite that are encased by titanite coronae. S1 elongateilmenite grains are folded into F2 isoclinal folds, and have been extended in the plane of S2 (Figure 6a ). D1 epidote is idioblastic and larger than D2 varieties. Porphyroblasts comprising cores of relict brown Ti-rich amphibole, inner rims of magnesioriebeckite, and outer rims of chlorite-actinolite, overgrow S1 and are enclosed by S2. S2 is defined by an alignment of fibrous, dark green biotite associated with magnesioriebeckite-chlorite and fine-grained xenoblastic epidote. Zoning of amphibole is prominent, with a complete record of amphibole paragenesis ranging from a core of Ti-rich brown amphibole (relict igneous phase) encased by D2 magnesioriebeckite and post-D2 actinolite ( Figure 6b ). S2 is folded into open to tight symmetrical F4 crenulations that are not associated with the development of new tectonic fabrics. Albite comprises the remainder of the groundmass.
[14] Sample 13611 (31°31 0 12 00 S/151°49 0 52 00 E; Figure 3a ) shows S1 is a discontinuous fabric that is defined by thin veins of albite and idioblastic epidote and rare grains of titanite in combination with fine grain xenoblastic epidote and a dark residual material. Retrograde porphyroblasts that are entirely made up of chlorite overgrow S1 and are wrapped by S2. S2 is a discontinuous fabric comprising amphibole locally coexisting with epidote, white mica, chlorite and/or albite. Commonly, S2 amphibole is characterized by a core of magnesioreibeckite encased by a rim of actinolite ( Figure 6c ). S2 is folded into a series of F4 crenulations that are not associated with the development of a new fabric.
[15] In sample 13609 (31°31 0 08 00 S/151°49 0 22 00 E; Figure 3a ), S1 is defined by thin horizons comprising fine grained epidote and tabular grains of titanite-ilmenite. In most cases, S1 titaniteilmenite is extended in the plane of S2. In addition, relict grains of igneous clinopyroxene are extended in the plane of S2, where a zoned assemblage of magnesioriebeckite, actinolite and then chlorite has grown in the extension fractures (Figure 6d ). Green metamorphic pyroxene pseudomorphs the rims of igneous clinopyroxene, and is wrapped by S2 amphibole and chlorite. This relationship indicates that metamorphic pyroxene grew prior to D2. Crenulation of S1/S2 is associated with the development of a poorly developed discontinuous S4 foliation comprising euhedral grains of epidote and rare white mica. Albite and quartz comprise the groundmass of the sample.
[ Figure 3a ) is a recrystallized, high strain rock comprising a combination of metabasite and quartzite phacoids. S1 is defined by aggregates of carbonaceous material in the quartzite phacoids, which has been folded into F2 crenulations. In quartzite, elongate grains of magnesioriebeckite define S2. Magnesioriebeckite also grew parallel to the dominant S2 fabric within D2 tension gashes perpendicular to S2 (Figure 6e ). In the metabasite, only S2 is preserved, and is defined by the assemblage actinolite-chlorite-muscovite-epidote and minor magnesioriebeckite. Evidence of D3 deformation is preserved as microscale, asymmetric isoclinal folds that are associated with a locally preserved white-micachlorite foliation (Figure 6f ). All early fabrics are folded into symmetric F4 crenulations where a discontinuous epidote and/ or white mica foliation has formed. Fine grained albite makes up the remaining groundmass.
Mineral Chemistry
[17] Mineral compositions were determined on a JEOL JSM 840 scanning electron microscope with attached Tracor Northern 55100 PRZ energy-dispersive spectrometer and a PHILIPS XL30 scanning electron microscope with attached IS200 energy-dispersive spectrometer at The University of Newcastle. Operating conditions involved a counting time of 100 s, accelerating voltage of 15 keVand 0.7 nA for the JEOL JSM 840 and counting time of 60 s, accelerating voltage of 15 keVand 0.2 nA for the PHILIPS XL30. Data was collected as wt% oxides and stoichiometric formulae determined using standard techniques outlined by Deer et al. [1992] . The total mineral data set is available in the auxiliary material.
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[18] Amphibole analyses are normalized to 23 oxygens and classified following the scheme of Leake et al. [1997] . Relict igneous amphibole comprise high levels of Ti (0.30-0.14 per formula unit (pfu)) and Ca (1.10-0.76 pfu; Figures 7a and 7b). D2 amphibole contains high levels of Na (2.04-1.54 pfu) and moderate amounts of Al (0.60-0.22 pfu), and is predominantly magnesioriebeckite in composition (Figures 7a and 7b) . Amphibole that grew after D2 contains high levels of Ca (1.65-1.95 pfu) and low Al (less then 0.2 pfu) and is actinolite (Figures 7a and 7b) .
[19] Metamorphic pyroxene Formulae are calculated by normalizing data to 6 oxygen ( [21] Phengitic white mica formulae are normalized to 22 oxygens with total iron assumed to be Fe 2+ . The Si content of D2 white mica ranges between 6.94 and 7.08 Si pfu, and Na ranges between 0.03 and 0.05 pfu. A lower Si and increased paragonite content characterizes S3-S4 white mica, which range between 6.65 and 7.02 and 0.08 and 0.13, respectively. Green biotite that grew in K-rich samples during D2 is relatively low in Ti (0.10-0.14 pfu).
P-T Estimates
[22] Where applicable, a multivariant mineral equilibria approach using the software THERMOCALC was employed to calculate estimates of P-T. To do this, the thermodynamic data set of Holland and Powell [1998] and the recently published data file for metabasic rocks [Diener et al., 2007] were used. This data file allows phase equilibria calculations for amphibole, pyroxene and epidote bearing assemblages, and therefore permits the calculation of P-T for low-temperature -medium-pressure metabasic mineral assemblages with a high level of confidence. The calculated phase diagram in Figure 8 shows the stable equilibrium assemblages in P-T space for the high-Ti, low-Fe 3+ metabasite sample UN3-3. The phase diagram is calculated in the system Na 2 O-CaO-
(NCKFMASHTO), which incorporates the main components required to model metabasic rocks [Green et al., 2007; Diener et al., 2007] . To improve the accuracy of the modeling, ferrous and ferric iron contents of the bulk rock were also determined through titration. Finally, representative mineral chemistry from sample UN3-3 has also been used to further constrain P-T estimates (Table 2 ). These data are used assuming that mineral compositions represent chemical equilibrium during mineral growth and that limited reequilibration has occurred during later events.
[23] Textural relationships in sample UN3-3 indicate that the minerals epidote, ilmenite and titanite formed during D1. Because of the pseudomorphing of S1 ilmenite by titanite, it is suggested that ilmenite was unstable and titanite stable during D1. On the basis of this interpretation, P-T conditions during D1 probably exceeded the ilmenite stable reaction line shown on the phase diagram (Figure 8 ). To improve this estimate of P-T, the pistacite content of D1 epidote in sample UN3-3 (0.29) has also been used. Compositional isopleths for this ratio constrain P-T conditions between 6.5 and 8.7 kbar and 320-465°. The jadeitic composition of metamorphic pyroxene from sample 13609 was also used to further refine P-T conditions during the early deformation stages. Using the ideal pyroxene mixing model of Essene and Fyfe [1967] and assuming a simple mixing model where jadeite activity equates to the mole fraction, the equilibrium curve for the measured jadeitic pyroxene compositions (0.17 -0.20; Table 1 ) were calculated. Combining the experimental data of the pure jadeite-low albite curve [Newton and Smith, 1967] with these jadeitic compositions, pressure estimates between 5.8 and 6.7 kbar over the temperature range 300-500°C are calculated. These equilibrium curves have been overlain on the phase diagram in Figure 8 (jd 17 and jd 20 ).
[24] P-T estimates for D2 are constrained to the large Naamphibole-biotite-chlorite-epidote-albite-titanite-ilmenite field shown in Figure 8 . To further refine this estimate, mineral chemistry data of S2 Na-amphibole and biotite has been used. The pressure dependency of the magnesioriebeckite substitution allows calculations of P to be made using the Al content on the M2 site ($0.6; Table 2 ). Contouring the stability field for this compositional variable results in estimates of 3.9-4.1 kbar and 340-400°C during D2 to be calculated (Figure 8 ).
[25] Lower estimates of P and higher estimates of T after D2 are inferred on the basis of the growth of actinolite at the expense of magnesioriebeckite. To quantify this, P-T conditions are constrained by the presence of actinolite and lack of magnesioreibeckite in association with the stable assemblage biotite-chlorite-epidote-albite-titanite-ilmenite ( Figure 8 ). As this stability field is relatively large, the Al on M2 and Na on M4 site contents from individual mineral compositional data of post-D2 actinolite have been used to tighten these constraints. On the basis of an assumed equilibrium composition of Al on M2 of $0.025 and Na on M4 of $0.07, P-T estimates can be refined to 1.5-2.0 kbar and 400-420°C ( Figure 8 and Table 2 ).
Discussion
Structural, Metamorphic, and Timing Constraints
[26] Through linking the structural metamorphic record with preexisting geochronology from the Tia Complex, a detailed account of the evolution of this accretionary complex can be determined (summarized in Table 3 ). Evidence for metamorphism during D1 is preserved by the growth of jadeitic pyroxene (sample 13609) and epidote (sample UN3-3). P-T estimates based on thermobarometric analysis of these minerals range between 6.0 and 8.7 kbar and 320-450°C ( Figure 8 ). As it is assumed that a subduction setting existed during the early stages of the tectonic evolution of the Tia Complex [Hand, 1988; Dirks et al., 1992;  this study], it is suggested that D1 probably occurred at temperatures lower than those attained during D2 (<360°C; Figure 8 ). Taking this into account, we tentatively propose P-T conditions of 300-350°C and 6.0 -7.0 kbar during D1. These P-T conditions are indicative of extremely low geothermal gradients ($14°C/ km; Figure 9 ) that are generally characteristic of subduction environments [Peacock, 1991] .
[27] Detrital zircon data from rocks of the accretionary prism in the northern New England Orogen indicate that the incorporation of sediment into the accretionary prism must have occurred after 407 ± 5 Ma [Korsch et al., 2008] . The timing of deformation and metamorphism related to the crystallization of S2 white mica is constrained by a K-Ar white mica age of 339 ± 7 [Fukui, 1991] . These timing constraints indicate that HP metamorphism associated with the growth of jadeitic pyroxene occurred between circa 407 and circa 340 Ma. The development of an extension related fabric that was associated with a significant decrease in P characterizes the transition from D1 and D2. Structurally, the dominant S2 fabric formed as a response to normal, southwest directed (approximately orogen normal) transport. P-T estimates from D2 mineral assemblages are in the range of PHILLIPS ET AL.: TWO-STAGE ACCRETIONARY WEDGE EVOLUTION 3.9 -4.1 kbar and 340 -400°C, which indicates a considerable decrease in P between the D1 to D2 events. This decrease in pressure reflects approximately 8 km of exhumation and a substantial increase in geothermal gradient to $26°C/km (Figure 9 ). In combination, these data constrain the early stages of accretionary wedge evolution where subduction was followed by incipient wedge exhumation caused by synsubduction extension (Figures 10a and 10b ).
[28] During the D3 and D4 events, contraction dominated the Tia Complex. D3 structural features predominantly manifest as low-angle northeast, and therefore, approximately orogen normal directed thrusts that were associated with regional nappe tectonics. D4 structures are predominantly upright and probably formed during subhorizontal northwest-southeast contraction. These events represent the middle stages of accretionary wedge evolution where shortening of the partially exhumed wedge was associated with progressive rotation of strain axes (Figure 10c) .
[29] Because of the limited growth of new metamorphic minerals that can be used quantify P-T conditions after D2, the metamorphic conditions during D3 -D6 are difficult to infer. It is apparent that the post-D2 metamorphic record of the Tia Complex was characterized by the growth of actinolite, however, the relative timing of this is ambiguous. Defining a chronology of events after D2 can, however, be inferred through combining the present structural metamorphic framework with constraints from preexisting studies. Dirks et al. [1992] suggested that the D3 -D4 events were probably associated with substantial shortening of the accretionary wedge that in turn resulted in considerable uplift. Following this, the intrusion of the Tia Granodiorite occurred, which owing to the preservation of only the S5 fabric in the igneous rock, must have predated D5 [Dirks et al., 1993] . The timing of emplacement is constrained by U-Pb analysis of zircon at circa 300 Ma [Dirks et al., 1993] . On the basis of a previous suggestion that the Tia Granodiorite represents melting of accretionary wedge material [Flood and Shaw, 1977] , the timing of LP-HT metamorphism in the Tia Complex has also been constrained to circa 300 Ma. P-T estimates associated with this HT event have been constrained by modeling the post D2 actinolite-bearing mineral assemblage, which are in the range of 1.5-2.0 kbar and 400-420°C. This indicates that a further $1.9 kbar decrease in P occurred between D2 and D5, which reflects approximately 6.8 km of exhumation and a significant increase in geothermal gradient (60-75°C/km; Figure 9 ). This estimate of the geothermal gradient during HT metamorphism is in accordance with that suggested by Dirks et al. [1992] . During and post-HT metamorphism, D5 and D6 events were associated with southwestnortheast and east-west oriented contraction that shortened the thermally softened wedge (Figures 10d and 10e) .
Medium-Pressure Metamorphism and Exhumation of Blueschist
[30] The early history of the southern New England accretionary wedge is characterized by subduction related burial followed by the partial exhumation of mediumpressure rocks (Figures 10a) . Burial by underthrusting of material along the downgoing slab provides an ideal mechanism for the development of the observed moderate-pressure -low-temperature (MP-LT) metamorphic assemblages [Platt, 1975] . As constrained by the growth of jadeitic TC6017 PHILLIPS ET AL.: TWO-STAGE ACCRETIONARY WEDGE EVOLUTION pyroxene, the accretionary material must have been buried to depths of at least 22 km. On the basis of the clear association between S2 extensional fabrics and the contrasting P-T conditions calculated for D1 and D2, partial exhumation of the MP rocks occurred under synsubduction extension. In the Tia Complex, up to 8 km of exhumation was accommodated by continent-verging, low-angle normal detachments that formed during D2 (Figure 10b ). The development of these detachments can be attributed to extension in the rear of the wedge that was due to over thickening associated with underthrusting [Platt, 1986; Platt and Rubie, 1987] . On the basis of kinematic data and the assumption that the subduction zone during the Carboniferous trended approximately northwest-southeast [Murray et al., 1987] , it can be argued that D2 extension was oriented normal to the orogen. The orientation of this stress field is comparable with that assumed if extensional collapse was caused by wedge thickening along the strike of the orogen.
[31] It has been recently demonstrated by numerical modeling that a combination of accretionary wedge -lower plate decoupling followed by slab roll-back could provide a mechanism for the exhumation of blueschists in the accretionary wedge [Brun and Faccenna, 2008] . For this model to apply to the southern New England example, evidence for contemporaneous slab roll-back and extension in the accretionary complex is required. This can be tested using the available geochronological data. First, extension of the accretionary wedge that was associated with exhumation of blueschists is constrained to circa 340 Ma by K-Ar dating of mica from the S2 extension fabric [Fukui, 1991] . Second, U-Pb zircon ages from ignimbrite horizons located in the fore-arc Tamworth Trough indicate that the dominant subduction related volcanic arc was active and proximal to the fore-arc Tamworth Trough throughout the time interval spanning 355 ± 2 to 290 ± 3 Ma (Figures 10a -10c ) [Roberts et al., 1991 [Roberts et al., , 2004 [Roberts et al., , 2006 . The progressive nature of ignimbrite ages in the fore-arc trough indicates that subduction related volcanic activity did not migrate during this time period. This can be explained in two ways: (1) subduction hinge roll-back occurred, and was associated with accretion, widening of the arc-trench gap and flattening of the downgoing plate or (2) the subduction hinge did not migrate. Therefore, for subduction hinge roll-back to occur, it has to be assumed that the buoyancy of the downgoing plate significantly changed through time. This could be attributed to mantle convection or the subduction of less dense material. We, however, support the more simplistic model where migration of the subduction zone during the Carboniferous -early Permian did not occur. On the basis of this, we argue that extension resulting in the initial exhumation of the blueschists in the accretionary wedge did not coincide with the migration of the subduction hinge.
[32] The switch to D3 contraction that followed D2 extension could have been achieved in two ways: (1) by terrane accretion or (2) an increase in the amount of basal friction in the accretionary wedge. In the case of the southern New England Orogen where there is no clear evidence for an accreted terrane outboard of the accretionary complex, the former model is unlikely. Furthermore, without a second, oblique collision, this mechanism does not provide an explanation for the rotation of the stress axes from D3 to D4. In contrast, we suggest that post-D2 contraction was largely driven by an increase in basal friction assisted by a stratigraphic change in the décollement material [Davis et al., 1983] . Following this, noncoaxial deformation in the wedge manifested as reactivation of the preexisting D2 normal faults, as well as the development of Figure 9 . Depth versus temperature plot illustrating the thermal evolution of the southern Tia Complex across the main structural events. [Davis et al., 1983] (Figure 10c ). The change in stress field from the D3 to the D4 event (Figure 10c ) could then be explained by a change in direction or velocity of the subducting plate.
Metamorphic Switching: Inception of HT Metamorphism
[33] The considerable increase in geothermal gradient, which led to the emplacement of the S-type Hillgrove suite and LP-HT metamorphism in the Tia Complex followed D4 contraction. The elevation of geothermal gradients in accretionary prisms is generally explained by the subduction of hot, young oceanic crust, or an oceanic spreading ridge [Murray et al., 1987; Hibbard and Karig, 1990; Lagabrielle et al., 1994; Onishi and Kimura, 1995; Guivel et al., 1999; Bradley et al., 2003] . Examples of ridge subduction from modern systems, like the Shimanto Belt in Japan, show that the primary response to spreading ridge subduction is the intrusion of MORB-type mafic rocks into the accretionary wedge [Hibbard and Karig, 1990; Lagabrielle et al., 1994; Guivel et al., 1999] . In the southern New England Orogen, mafic-intermediate rocks of the Baker Creek Suite intruded synchronously with the S-type Hillgrove granodiorites [Jenkins et al., 2002] . In contrast to the typical MORB-type associations identified in modern analogies, the chemical composition of the Baker Creek Suite is comparable to basalts from immature spreading centers rather then a longlived spreading ridge [Pearce et al., 1994; Hawkins et al., 1994] . On the basis of this, Jenkins et al. [2002] suggest that the intrusion of the Baker Creek Suite was within a back-arc setting, rather than associated with the subduction of a spreading ridge. [34] Without the subduction of an external heat source, the extremely high geothermal gradients estimated for LP-HT metamorphism (65 -70°C/km) are somewhat enigmatic for an accretionary prism setting. A model that has previously been suggested to explain the magmatic-metamorphic evolution of the Tablelands complex is the relocation of the accretionary prism into a back-arc position by rapid subduction zone stepping [Dirks et al., 1992] . This model can explain the switch in metamorphic conditions from those typical of accretionary prisms (i.e., HP to MP-LT) to those in a back-arc basin (LP-HT), as well as the back-arc chemical signature preserved by the mafic rocks emplaced during LP-HT metamorphism [Jenkins et al., 2002] . In addition, the chemistry of granitic rocks emplaced in the accretionary wedge show a clear transition from S-to I-type through time [Shaw and Flood, 1981] . This can be argued to reflect the migration of the volcanic arc into the accretionary complex due to the rapid retreat and then advance of the subduction zone.
[35] The rapid subduction zone stepping model does, however, raise further questions. For example, what caused extinction of the old, and inducement of the new subduction zone? Stern [2004] has previously suggested that subduction zone transference could occur if a buoyant continental fragment blocked the existing subduction zone. Evidence for this in the southern New England Orogen is, however, lacking. Furthermore, it has also been demonstrated that the initiation of new subduction zones is a difficult process that requires the rupturing of cold oceanic lithosphere [Mueller and Phillips, 1991] . Owing to these ambiguities, the applicability of the rapid stepping model to the tectonic evolution of the southern New England Orogen is uncertain. An alternative model is therefore explored.
[36] Heating of an accretionary wedge could be caused by subduction boundary retreat during slab roll-back. To achieve this, decoupling of the accretionary wedge from the downgoing plate and its accretion onto the overriding plate must have occurred prior to extension driven by rollback. This could occur by episodic accretion associated with the accretion of a continental block or oceanic plateau, or, by continuous frontal accretion and underplating along the trench margin. On the basis of the lack of evidence of a continental fragment accreted to the eastern margin of the Tablelands Complex, we suggest that accretion must have been largely continuous. In time, the retreat of the subduction zone could lead to exposure of the accretionary prism to the underlying mantle wedge, which would result in the HT overprint of the exhuming HP rocks (Figure 10d) . Following HT metamorphism, further progressive shortening (D5 -D6) of the accretionary wedge can then be explained by cessation of the subduction hinge migration and a renewal of convergent tectonics.
Summary
[37] The structural-metamorphic framework and tectonic model presented in this paper indicates that the evolution of the southern New England accretionary complex can be summarized into two main stages. The first stage involved the underthrusting and subduction of accretionary material that was exhumed during synsubduction wedge extension [Davis et al., 1983; Platt, 1986; Paterson and Sample, 1988] . Evidence that the main volcanic arc did no migrate during this time period is used to argue against subduction zone migration models that attempt to explain blueschist exhumation. The second stage involved heating of the accretionary wedge, which can be attributed to subduction hinge rollback and juxtaposition of the accretionary and mantle wedges. On the basis of the specifications of coulomb wedge critical taper and subduction zone migration models, the two stages of accretionary wedge evolution can be directly related to the dynamics of the subduction zone. For the early stage, subduction zone migration must have been small to negligible to explain extension in the thickened rear wedge [Davis et al., 1983; Platt, 1986] . For the latter stage, migration of the subduction hinge had a major role in heating of the accretionary wedge, and a switch in metamorphic signature.
[38] The P-T-t deformation framework presented in this study reveals that both critical taper and subduction zone migration models are required to explain the tectonic evolution of this accretionary prism. This highlights the two main end-member models of accretionary prism development where a stationary subduction hinge resulted in deformation and metamorphism predicted by to critical taper theory, while a migratory subduction hinge resulted in a significant thermal response.
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